Purpose of review Shock-wave lithotripsy has been the mainstay of urinarystone treatment over the past 20 years, with three generations of lithotripters now in the market place. Little improvement, however, has been made in the overall efficiency, since the original Dornier HM3 lithotripter. Over the past 5 years much progress has been made in the basic research of shock-wave lithotripsy, with better understanding of the mechanisms involved in stone fragmentation. This progress has led to new modifications in the way shock-wave pulse is generated and delivered.
Introduction
The introduction of shock-wave lithotripsy (SWL) to clinical practice in the early 1980s has revolutionized the management of urolithiasis and has become the modality of choice for treatment of urinary stones in varying locations of the urinary tract [1, 2] . The noninvasive nature, and the initial high-success treatment rate, of the original Dornier HM3 lithotripter, appealed to both patients and physicians [3, 4] . The technical advances in second and third generation lithotripters provide user convenience and reduced anesthesia requirements and multifunctionality over the original Dornier HM3 device, but fail to maintain the excellent SWL-treatment results, with possibly increased risk of complications to the kidney [5, 6] .
Recent evidence indicates that stone clearance is the most important aspect for patients receiving SWL for urinary calculi [7] . Continuous efforts over the past 20 years to improve patient selection, and identify prognostic variables that influence treatment outcome, did not sustain the excellent SWL results seen with the original Dornier HM3 and will not be considered in this review [8, 9] . Urologists and industry must adopt a new strategy that involves a better understanding of factors pertaining to shock waves that affect stone fragmentation. Significant progress of basic research of SWL over the past 5 years, to better understand the primary mechanisms of stone comminution and tissue injury in SWL, is made through increased understanding and manipulation of the two components of the shock-wave pressure-waveform profile [10 •• ] . This is promising to bring about the desired outcome of achieving high stone-free rates, while simultaneously decreasing tissue injury and side effects. For a lithotripter, the factors that can be controlled during SWL are shock-wave rate, maximum voltage, total number of shock waves, shock-wave-pulse sequencing, and stone targeting. This review summarizes the recent literature that discusses modifications of shock-wave delivery and strategy that might influence stone-free rates.
Modifications of shock-wave delivery
Independent of the technologies used, almost all commercial lithotripters produce a similar pressure waveform at the focus, which can be characterized by a leading shock front with a compressive wave followed by a trailing tensile wave. The disintegration of urinary stones in a lithotripter field is the result of dynamic and synergistic interaction of two fundamental mechanisms. Stress waves induce dynamic fracture (in the form of nucleation, growth, and coalescence of pre-existing microcracks inside the stone) and erosion (caused by the violent collapse of cavitation bubbles near the stone surface) [11] [12] [13] . These cavitation bubbles are filled with vapor and occur because of liquid failure at the site of shock-wave focus. The subsequent collapse of the bubbles at the surface of the stone generates a central water jet that drills into the stone [14] . This cavitational activity is also thought to be responsible for a majority of the mechanisms involved in the tissue trauma that is associated with SWL [4] . Improved understanding of the mechanisms of stone comminution forms the basis for research and studies on the effects of shock-wave rate change and the evaluation of synchronous, or sequential, twin-pulse delivery to effect stone fragmentation.
Shock-wave rate modifications
The exact mechanism, responsible for a rate effect on the efficiency of SWL, is still controversial. It has been suggested that an increased shock-wave rate results in amplification of the cavitation activity at the focus of a lithotripter [15] [16] [17] . At fast rates of SWL, bubbles generated by incident shock wave may not have time to dissipate and, then, combine with each other to form a bubble cloud. The persistent bubble cloud interferes with the transmission of incoming shock waves [18] . It is reasonable, therefore, to assume that by slowing the shock-wave rate (to allow bubbles to dissipate and erode the stone surface before regeneration of new bubbles with a new shock wave) would help in improving stone fragmentation. Many authors assessed the effect of shock-wave rate both in in-vitro and in-vivo studies. Wiksell and Kinn [18] , using an electro-hydraulic lithotripter and ceramic spheres, reported that a shock-wave interval of 0.4 s produced a few large fragments, whereas a 2-s interval shattered the spheres into many small fragments. Greenstein and Matzkin [19] used an Econolith 2000 lithotripter (Medispec, Germantown, Maryland) on 118 ceramic stones at rates of 30, 60, 120, and 150 shock waves per min at three energy levels (15, 20, and 22 kV). The authors reported improved stone fragmentation at the higher energy levels (20 and 22 kV) and at lower rates (30 and 60 shock waves per min) of shock-wave delivery. Weir et al. [15] fragmented 12-mm standardized solid spherical blaster stones using a Dornier MFL 5000 lithotripter at an energy level of 20 kV. More shocks were required for stone fragmentation at 117 shocks waves per min compared with 60 and 80 shocks waves per min. Human kidney stones were also used in in-vitro studies. Vallancien et al. [20] subjected single human kidney stones to a series of 3000 shock waves at variable frequencies of 1.25, 2.5, 5, and 10 shock waves per second using the EDAP LT.01 piezoelectric lithotripter (EDAP TMS, Lyon, France). Better fragmentation of hard stones was achieved using slower frequencies of 1.25 and 2.5 per second at the cost of longer mean treatment time. Paterson et al. [21] assessed stone comminution in vivo using artificial stones implanted into pig kidneys via upper-pole percutaneous access. They found that stone fragmentation is significantly improved at shock-wave rates of 30 compared with 120 per min.
The first clinical study to report on the effect of varying the shock-wave rate on the efficiency of stone fragmentation concluded contrary to the numerous researches presented [22] . Robert et al. [22] randomized 114 patients with ureteral stones in two groups that were treated with piezoelectric lithotripter at a rate of 60 or 240 shock waves per min. The authors reported that the success rate of lower ureteral stones was significantly reduced (P = 0.04) in patients treated with slow shock wave rate. The success rate for upper ureteral calculi was not statistically affected by the shock-wave rate. Our group [23 •• ] determined the effect of SWL rate on treatment outcome in patients with renal and ureteral stones. A total of 156 patients, with a single radioopaque renal or ureteral stone not exceeding 30 mm in maximum diameter, were prospectively randomized to receive SWL using a slow (60 pulses per min) or fast wave rate (120 pulses per min). We reported that the rate of success, defined as being completely stone-free or having clinically insignificant gravel less than 2 mm, was significantly higher with the slow rate (P = 0.034). The total number of shock waves required was also statistically significantly lower in the slow rate group (P = 0.004). The treatment time was significantly longer (P = 0.000), but did not double as the treatment rate was halved in the slow group. This result was because patients in the slow group required less total number of shock waves to achieve successful stone fragmentation. Logistic regression analysis of the variables having impact on success rate in this group of patients, identified only the shock-wave rate (P = 0.043) and stone length (P = 0.003) as significant. Pace et al. [24] confirmed in a later study that SWL treatment at 60 shocks per min yields better outcome than at 120 shocks per min. This group reported that the beneficial role of slow shock-wave rate is more pronounced in patients with larger stones, namely those who currently have less favorable SWL outcome with current treatment rates. We are currently assessing the incidence of perinephric hematoma formation in patients that are treated with slow shock wave and planning long-term follow-up. It remains to be seen if the beneficial effect of slow shock-wave rate on stone-free rates will also convey improved safety in the immediate and long term.
Synchronous twin-pulse technique
The twin-heads SWL is composed of two identical shock-wave generators and reflectors. One reflector is placed under the table and the other is over the table with a variable angle between the axes of the two reflectors. The two reflectors share a common second focal point, making it possible to deliver an almost synchronous twin pulse to the targeted stone. In an in-vitro experiment, the volume and rate of stone disintegration increased with the use of the two energy sources. The best results were achieved when the angle between the two shock tubes was 90˚ [25] . Sheir et al. [26] also tested the safety of this modality on porcine kidneys, by comparing the twin-pulse generator at different power setting to the traditional under-the-table source at maximum power. On gross and histologic examination, animals that were treated with the two shock tubes showed decreased renal damage when compared with animals treated with the single tube. More recently, this group presented their first prospective clinical results [27] . Fifty patients were enrolled in the study. After 14 days, 17 patients (34%) were free of stones, with residual stones of 5 mm or less in 20 (40%); they were free of stones at the 1-month follow-up. Thirteen patients (26%) had larger residual stones and had another extracorporeal shock-wave lithotripsy (ESWL) session. All patients were stone free within 1 month.
Sequential twin-pulse-delivery modifications
The delivery of two shock waves, at carefully timed close intervals, was found to intensify the collapse of shock-wave-induced bubbles near the stone surface for improved comminution efficiency [28] . Zhou et al. [29 • ] described using a Dornier HM3 lithotripter modified with a piezoelectric annular array (PEA) that delivers an auxiliary shock wave 500-600 ms following the initial HM-3 pulse in vitro. The HM3 delivers 20 kV followed by 4 kV from the PEA generator. In addition, a single unit ellipsoidal reflector insert was used on the same machine to modify the profile of shock wave and decrease the propensity of tissue damage. Stone comminution efficiencies on cylindrical Bego stone phantoms in vitro, after 1500 shocks produced by the original and the combined PEA/upgraded HM3 system, were 81.3 and 95.2% respectively. The same model was used on vessel phantom to mimic renal injury. Consistent rupture of the vessel phantom model was produced after 30 shocks by the original HM-3 reflector at 20 kV. In comparison, no vessel rupture could be produced after 200 shocks using the upgraded reflector [10 •• ]. The authors note that although these upgrades were on an HM3 platform, they could easily be applied to upgrade other existing lithotripters.
Effect of stone motion
Stone motion secondary to ventilatory motion can be as much as 50 mm. The focal zone of most lithotripters is 4 to 15 mm in diameter, however. Cleveland et al. [30] determined the effect of stone motion on the fragmentation efficiency using a Storz Modulith SLX lithotripter, which has a focal zone of 4 mm in an in-vitro study. They used a model stone (6.5 to 7.5 mm) made of gypsum cement and a motorized positioner in order to simulate ventilatory motion. The excursion was variable up to 48 mm (± 24 mm about the focus). For no motion, the stone was 75% fragmented compared with 50% at 10 mm or more of motion. Moreover, for motion of 20 mm, it appeared that three-quarters of the shock waves missed the stone. Similar results were found with different energy levels and firing rates.
This implies that clinically relevant stone motion has a dramatic effect on in-vitro comminution and raises the impetus to develop and incorporate a stone-tracking system into tight-focal-spot lithotripters. Another simple solution would be a gating device that stops the shock waves that will miss the stone. This should reduce tissue injury by half, whilst maintaining the same stone comminution efficiency.
Dose escalation in shock-wave delivery
In the clinical setting, about 1500 to 2000 shock waves are needed for stone fragmentation. The strategy by which these shocks are delivered has been mostly based on the urologist's personal opinion and anecdotal evidence, with little scientific data to support it. Zhou et al. [29 • ] hypothesized that optimizing the treatment strategy (that is different ways of using the same total amount of acoustic energy delivered to the patient) in SWL may lead to more effective stone comminution with decreased tissue injury. In an in-vitro study using the HM3 lithotripter and BegoStone phantoms, they delivered 1500 shock waves with three different strategies. Lithotripter output was gradually stepped up from 18 to 20 and then to 22 kV every 500 shocks, gradually stepped down from 22 to 20 and then to 18 kV every 500 shocks, or maintained constant at 20 kV during the treatment. The total acoustic dose of the three strategies was identical and similar to the conventional use of a Dornier HM3 lithotripter. After 1500 shocks, the final comminution efficiencies produced by the first strategy were 88.7, 81.2, and 83.5%, respectively. The difference between the final comminution efficiency of the first and second strategies was statistically significant. Zhou et al. [29 • ] concluded that progressive increase in litho-tripter output voltage could produce the best overall stone comminution in vitro.
Modifications of SWL-treatment strategy for stone fragmentation
Anesthesia
One irony of the evolutionary strategy toward lithotripters with smaller F2s is that, although one of the fundamentals of this design concept was the ability to perform anesthesia-free SWL, many urologists feel compelled to treat patients under general anesthesia to minimize patient and renal motion [5] . Two studies have documented that clinical outcomes with third-generation lithotripters are improved with general anesthesia compared with intravenous sedation techniques. Sorensen et al. [31] reported at 3 months a stone-free rate in patients treated under intravenous sedation of 55% compared with 87% in those treated under general anesthesia. Similarly, a success rate of 78% compared with 51% for general anesthesia with sedation was reported by other investigators [32] .
Chemolytic pretreatment
Preliminary, but encouraging, in-vitro evidence suggests that by altering the chemical environment of the fluid surrounding stones, it is possible to decrease the surface energy and the concomitant fracture strength of renal calculi [33] . Overall, these findings suggest that appropriate chemical treatments may provide a useful adjunct modality for improving the efficacy of stone comminution during SWL. The most recent in-vitro evidence concludes that wave speed, wave impedance, dynamic mechanical properties, and microhardness of EDTAtreated calcium oxalate stones and tromethaminetreated uric acid stones were found to decrease compared with untreated (synthetic urine) control groups [34 • ]. The suggestion that chemical pretreatment increases stone fragility was verified by increased stone comminution after SWL testing. These data suggest that by altering the chemical environment of the fluid surrounding the stones, it is possible to increase the fragility of SWL-treated renal calculi in vitro.
Synchronous bilateral-stone SWL treatment
Traditionally there has been some concern among urologists regarding safety of synchronous bilateral SWL. This is based on anecdotes of bilateral obstruction and reversible renal insufficiency after therapy. Cass [35] specifically addressed the glomerular filtration rate after bilateral SWL with a follow-up of 44 months. He believed that synchronous or separate bilateral SWL would not influence any decrease in renal function in patients with multiple renal stones who undergo repeat SWL. This belief was followed by a study that compared staged and synchronous bilateral SWL, and noted no difference in the effect on long-term renal function [36] . More recently, a retrospective study of 120 patients found bilateral synchronous SWL to be well tolerated and effective monotherapy for bilateral urolithiasis. No patient had bilateral obstruction or renal failure and no deterioration of renal function was detected at a mean of 21 months follow-up [37] . Although these results were published some years ago, there has been no growing evidence in the medical literature of its use.
Conclusion
Progress in basic research of SWL allowed urologists to implement their better understanding of the mechanisms involved in stone comminution and tissue injury into clinical practice. Slowing the shock-wave rate was shown in prospective randomized clinical trials to enhance patients' stone-free rates. In-vivo and clinical work is needed to evaluate further the beneficial effects seen in in-vitro studies with sequential twin-pulse delivery and with dose escalation in SWL on stone comminution, while simultaneously decreasing side effects. This future work may well initiate new designs and modifications of existing lithotripters that will ultimately enhance current stone-free rates and minimize tissue injury.
